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Abstract 


The success of topological insulators (TI) in creating devices with unique functionalities 
is directly connected to the ability of coupling their helical spin states to well defined pertur¬ 
bations. However, up to now, Tl-based heterostructures always resulted in very disordered 
interfaces, characterized by strong mesoscopic fluctuations of the chemical potential which 
make the spin-momentum locking ill-defined over length scales of few nanometers or even 
completely destroy topological states. These limitations call for the ability to control topo¬ 
logical interfaces with atomic precision. Here, we demonstrate that molecular self-assembly 
processes driven by inherent interactions among the constituents offer the opportunity to cre¬ 
ate well-defined networks at TIs surfaces. Even more remarkably, we show that the symmetry 
of the overlayer can be finely controlled by appropriate chemical modifications. By analyz¬ 
ing the influence of the molecules on the TI electronic properties, we rationalize our results 
in terms of the charge redistribution taking place at the interface. Overall, our approach of¬ 
fers a precise and fast way to produce tailor-made nanoscale surface landscapes. In particular, 
our findings make organic materials ideal TIs counterparts, since they offer the possibility to 
chemically tune both electronic and magnetic properties within the same family of molecules, 
thereby bringing us a significant step closer towards an application of this fascinating class of 
materials. 

Engineering well-ordered nanostruetures by using single atoms or moleeules as building bloeks 
offers a eonvenient opportunity to eontrol matter at the nanoseale. Ultimately, this bottom-up 
approaeh represents an alternative or may even replaee traditional top-down routes like lithography, 
whieh dominated the eleetronie industry in the past deeades but have reeently been ehallenged by 
the eontinuos deviee miniaturization and the related emerging teehnieal diffieulties. The extensive 
study of the meehanisms driving the ereation of self-assembled nanostruetures, mainly performed 
in the last deeade, resulted in a quite thorough understanding of the relevant interaetions at the 
nanoseale and in the development of guidelines to ereate tailor-made nanostruetures with extremely 
high preeision.^ 

Although well-defined self-assembled superstruetures ean be obtained by using both, atoms 
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and molecules, the latter are of particular interest.This is mainly caused by the fact that molecules 
are highly controllable by chemical modifications. Thereby it becomes possible to tune the molecule’s 
functionality and—at the same time—allowing for a large variety of self-assembled nanostruc- 
tures.l^ Since the self-assembly process depends on the detailed balance of intermolecular and 
molecule-substrate interactions, there are severe limitations regarding the choice of both, molecules 
and substrates. To date, the most successful ingredients for the emergence of supramolecular or¬ 
der are represented by planar molecules coupled to noble metal surfaces,l2J®graphitel^and, more 
recently, to graphene^^^^^ and boron nitride^^^^ 

Here, we provide evidence that well-ordered molecular superstructures can be obtained on the 
new class of materials named topological insulators (TI).f^2^Even more remarkably, we demon¬ 
strate that both the periodicity and the symmetry of the resulting overlayer can be finely controlled, 
making self-assembly processes a new and versatile way to engineer periodic landscapes on topo¬ 
logical states without introducing strong mesoscopic fluctuations of the chemical potential which 
make the spin-momentum locking ill defined over length scales of few nanometers or even com¬ 
pletely destroy topological states In particular, by using molecules hosting magnetic moments 
as building blocks, the self-assembly process results in the creation of a regular network of local¬ 
ized spins. This makes hybrid organic-TI interfaces a promising and reliable platform for the 
investigation of exotic states of matter and the unconventional magneto-electric effects, which 
have been predicted to exist when topological states interact with local spins and which may find 
direct application in devices with new functionalities .1^^^ More generally, our approach identifies 
planar molecules as the ideal TI counterpart as they overcome all the problems which have so far 
limited the study, understanding, and utilization of the response of topological states to external 
perturbations. 

As a prototype system, we focus on transition metal (TM)-phthalocyanine (Pc) molecules cou¬ 
pled to the chalcogenide topological insulator Bi 2 Te 3 . Pcs are among the most widely studied 
planar molecules which are already successfully employed in several applications such as sen¬ 
sors and magnets .1^ Furthermore, they have been recently reported to constitute a rich playground 
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hosting unconventional properties assoeiated with their spin-degree of freedom.l^^l^ As shown in 
Fig. 1(a), their strueture eonsists of a eentral metal atom surrounded by an organie maeroeyele. The 
moleeular symmetry is 4-fold and the eentral atom has a square-planar eoordination. In TM-Pes, 
this bonding seheme leaves the eentral atom in a +2 state and, within the £> 4 /, point symmetry, the 
3d levels split into dxz,yz, d^i, dxy, and d^ 2 _y 2 as illustrated in Fig. 1(b). ^Depending on their oeeu- 
pation, energy, and symmetry, these states ean mix with the orbitals of the pyrrole-like rings. Sinee 
the hybridization between 3d levels and moleeular orbitals may result in several quasi-degenerate 
eonfigurations, it is impossible to draw a definitive pieture of the energy oeeupation level based 
on a single-eleetron approaeh. This is partieularly true for moleeules eoupled to substrates, sinee 
eharge transfer proeesses and modified ligand fields may further eomplieate the pieture. However, 
by inereasing the number of 3d eleetrons the following trends emerge: (i) the presenee, elose to the 
Fermi level, of empty states with d ^2 symmetry is gradually redueed; (ii) the TM-substrate distanee 
inereases .125111! These observations imply that, eontrary to “late” transition metal (Ni and Cu) Pe 
moleeules, where the eentral atom’s 3d orbital does not play any signifieant role in the adsorption 
proeess, the situation is quite different for MnPe, FePe, and CoPe. As deseribed in the following, 
this has far reaehing implieations. 

Figure l(e)-(e) display seanning tunneling mieroseopy (STM) images obtained for a very di¬ 
lute eoneentration of three different transition metal-phthaloeyanine moleeules, i.e. MnPe, CoPe, 
and CuPe on Bi 2 Te 3 , thereby spanning the entire 3d oeeupaney seenario. Three relative orienta¬ 
tions with respeet to the substrate are visible for all three moleeules, resulting from the eombined 
symmetry of the moleeules (4-fold) with that of the substrate ( 6 -fold) .l25inspeetion of atomieally 
resolved images evidenees that, despite their very different 3d filling, all moleeules have the same 
adsorption geometry, with the eentral atom sitting on top of a Te atom of the underlying Bi 2 Te 3 
surfaee. This observation evidenees the leading role played by the ligands in determining the 
adsorption eonfiguration. Nevertheless, a direet partieipation of the eentral atom in the moleeule- 
substrate bond ean further anehor the moleeules to the surfaee. This is elearly the ease for MnPe, 
whose 2 -fold symmetry reduetion is indieative of a strong moleeule-substrate interaetion.^^DMI 
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Figure 1: (a) Structure of a Pc molecule, which can host several different elements as central atom, 
offering the opportunity to tune its properties within the same structure, (b) Crystal field-split en¬ 
ergy level for 3d orbitals in D 4 /, symmetry, (c-e) Constant-current images obtained for very dilute 
concentrations of MnPc, CoPc, and CuPc molecules grown on Bi 2 Te 3 , respectively (left panel). 
Atomically resolved images reveal that, despite the very different electronic configuration of the 
central 3d atom, single MnPc, CoPc, and CuPc molecules all sit on top of a Te atom (right panel). 
This observation indicates the leading role played by the ligand in determining the adsorption ge¬ 
ometry. Note that, while the central atom appears as a protrusion in MnPc and CoPc, it corresponds 
to a depression in CuPc, thereby indicating the absence of 3d orbitals projecting outside the sur¬ 
face plane which can effectively couple to tip states. Scanning parameters: I = 25 pA, V = 300 mV, 
500 mV, and —200 mV for MnPc, CoPc and CuPc, respectively. 


contrast, CoPc and CuPc preserve the 4-fold symmetry typical of the gas phase (see supplementary 
information). 

The molecule-substrate interaction observed for MnPc is attributed to d^i orbitals bonding to 
the TI surface. However, as the number of d electrons increases, they shift towards negative en¬ 
ergies. This is in particular the case for CuPc, where they become double occupied without any 
significant hybridization with the substrate Indeed, while the central atom is imaged as a pro¬ 
trusion on MnPc and CoPc, it appears as a depression in CuPc, indicating the absence—in the 
probed energy range—of d^i orbitals, i.e. those electronic states which can effectively couple to 
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Figure 2: (a) Constant-current image obtained for a MnPc concentration equal to 

0.13 molecules/nm^. Despite the small intermolecular distance, cluster formation cannot be ob¬ 
served on the surface, indicating a significant molecule-molecule repulsion, (b) STS spectra ob¬ 
tained onto the Bi 2 Te 3 before (green line) and after (blue line) molecule deposition. A rigid energy 
shift towards negative energies appears after the growth. This indicates that the creation of the 
molecule-TI interface is accompanied by charge transfer processes which n-dope the sample leav¬ 
ing MnPc molecules positively charged. Scanning parameters: 7 = 15 pA, V = 500 mV. 


the STM tip because of their larger extension into the vacuum (for a discussion on the impact of the 
central atom in STM images see Ref. |^and references therein). The different occupation of the 
strongly directional 3d levels thus offers a convenient way to chemically control the delicate bal¬ 
ance of forces present at the interface as the molecule coverage increases and molecule-molecule 
interactions start to play an important role. Indeed, earlier studies on metallic substrates already 
pointed out the importance of the J-filling and the role of the molecule-substrate interaction. While 
an abrupt transition from a dispersive distribution to a square lattice superstructure was generally 
observed on metal substrates ,1^^^ we demonstrate below that on topological insulators an appro¬ 
priate choice of the central atom not only allows to “activate” the self-assembly process, but also 
to select its symmetry. 

Figure 2(a) shows MnPc molecules on Bi 2 Te 3 for a coverage equal to 0.13 molecules/nm^. 
Note that, despite the reduced molecule-molecule distance, not any signature of molecular clus¬ 
tering is present on the surface. On the contrary, molecules seem to maximize their distance. This 
behavior can be understood by comparing the electronic properties of the Bi 2 Te 3 surface before 
and after molecule deposition as inferred by scanning tunneling spectroscopy (STS). Results are 
reported in Fig. 2(b). The positions of the valence band maximum and conduction band mini- 
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mum have been assigned aeeording to the procedure described in Ref. |35] The spectra evidence 
a negative rigid shift of the Bi 2 Te 3 band structure subsequent to deposition which is indicative of 
an n-doping effect caused by MnPc. This charge redistribution leaves the molecules positively 
charged. Consequently, they are stably anchored to the substrate by the creation of an interfacial 
dipole which suppresses their mobility on the surface. As a result of the intermolecular repulsive 
interaction and the relatively strong anchoring to the substrate, the molecules do not show any 
tendency of ordering, irrespective of the coverage. Furthermore, the second MnPc layer starts to 
form well before completion of the first one (see Fig. 3 in Supplementary Information). These 
observations show that repulsive-driven self-assembly processes as observed in Ref. IS^are absent 
for the particular combination of molecule and substrate considered here. 

A very different scenario appears for CoPc as illustrated in Fig. 3(a) and (b). In this case, large 
regions displaying a very well-ordered molecular superstructure are present on the surface, indicat¬ 
ing a relatively weak molecule-substrate interaction as compared to attractive molecule-molecule 
interactions. The weak molecule-substrate bond is also experimentally signaled by significant 
tip-sample forces, which, despite the very low set-point currents used when scanning the surface, 
results in molecules that are occasionally moved by the tip (see Supplementary Information). As 
for MnPc, the inspection of spectra obtained before and after deposition allows to visualize the 
charge redistribution processes associated with the creation of the molecule-TI interface. Results 
are reported in Fig. 3(d). The absence of any significant energy shift implies that, contrary to MnPc, 
CoPc molecules are left in their neutral state. This is the more remarkable as the coverage amounts 
to 0.32 molecules/nm^, i.e. well above the one investigated in Fig. 2 for MnPc. Contrary to similar 
close-packed layers obtained at metal surfaces,!^ where close-packed layers evolve but charge- 
transfer nevertheless occur, in the present case molecules have been deposited onto a substrate, 
i.e. Bi 2 Te 3 , with a much lower density of states. As a result, any potential charge transfer taking 
place at the interface would give rise to a significant band bending, as it has been widely reported 
for topological insulator surfaces coupled to single adatoms (see Ref. 128] and |40j) or even simply 
exposed to residual gases (see Refs. |38]and |39|). It is worth noticing that the observed difference in 
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Figure 3: (a,b) Self-assembled CoPe moleeular film. The unit eell is indieated by a blaek box. (e) 
Fourier-transformed eonstant-eurrent image displaying a slightly distorted hexagonal symmetry of 
the 2D moleeular overlayer, (d) In eontrast to MnPe [of. Fig. 2(b)], STS reveals that no signifioant 
eharge transfer takes plaoe at the interfaee, indioating that CoPo moleeules are weakly bound to the 
substrate thus retaining substantial surface mobility, (e) Model illustrating the structure of the self- 
assembled molecular film with respect to the underlying Bi 2 Te 3 substrate. Scanning parameters: 
7= 15pA, y = 500mV. 


charge transfer between MnPc and CoPc is further corroborated by simple electronegativity con¬ 
cepts. Indeed, as compared to Mn (1.55), the electronegativity of Co (1.88) is closer to those of Bi 
(2.02) and Te (2.10), i.e. the atomic species of the underlying substrate. 

It thus appears that the combination of CoPc with the Bi 2 Te 3 TI substrate is one of the rare cases 
where the creation of an interface leaves either of the constituents essentially unaltered. Therefore, 
we expect that CoPc behaves very differently as compared to other adsorbates which may heavily 
dope TI surfaces and even create new electronic states that are absent on the pristine samples 
Similarly, many TMPc molecules may—once coupled to a substrate—substantially change their 
electronic properties through the interplay of substrate screening and hybridization effects In 
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contrast, the electronic properties detected for CoPe on 612 X 03 raises the hope that the gas phase 
functionality may be preserved. 

The geometrical structure which appears from inspection of Fig. 3(b) allows to identify a quasi- 
hexagonal orystal lattioe, whioh indioates that the symmetry of the substrate has been transferred to 
the overlayer. Minor periodio distortions are visible along two of the three high symmetry axis, also 
signaled by the appearanoe of 4 additional spots in the Fourier transformation [see Fig. 3(c)]. Al¬ 
though the presenoe of a well-ordered superstrueture indicates that molecule-molecule interactions 
dominate the delieate balanee of forees that drive the self-assembly proeess, moleeule-substrate in- 
teraetions still appear to play an important role sinee it determines the axis along whioh molecules 
self-assemble. A detailed analysis of the moleoular film allows to obtain the structural model il¬ 
lustrated in Fig. 3(e). Moleoules have a nearest-neighbor distanoe oorresponding to 1.55 nm, with 
each of them sitting on top (or in very olose proximity, see below) of the underlying Te atom, as 
oan also be inferred from Fig. 3(b), where all moleoules display the very same appearanoe. Fur¬ 
thermore, the different rotations of the moleoules allow to explain the distortions introdueed in 
the lattioe as the result of small sterie repulsion-induced deviations with respeot to the minimum 
energy adsorption site. Overall, these observations point towards an overlayer unit oell that is 
oommensurate with the substrate. 

Sinee MnPc and CoPo have the same structure and ligand, their different behavior in the high 
ooverage regime must be a direot oonsequenoe of the different eleotronic oonfiguration of their 3d 
oentral atoms. Although a preoise analysis of the moleeule-substrate interaotions would require 
detailed oalculations going beyond the soope of the present work, an heuristic picture that is based 
on the 3d levels occupanoy can effectively explain our findings. In particular, the differenees are 
aseribed to the presenee of d^i orbitals olose to Fermi level. These electronic states effectively fa¬ 
cilitate the bonding to the substrate, whioh is gradually reduoed as the number of eleotrons residing 
on the eentral atom increases, i.e. by ohanging from a Mn to a Co ion.^^ Therefore, ohanging to 
a higher atomio number drives the balanee of moleeule-substrate and moleeule-moleoule interao¬ 
tions towards the latter. 
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Figure 4: (a) Self-assembled CuPe moleeular film, (b) Contrary to CoPe [of. Fig. 3(b)], CuPo 
self-assembles with a square symmetry (unit eell indicated by box), as evidenced by the Fourier 
transformed constant-current image displayed in (c). (d) Similar to CoPc, STS reveals that no 
significant charge transfer takes place at the interface, indicating that CuPc molecules are weakly 
bound to the substrate, (e) Model illustrating the structure of the self-assembled molecular film 
with respect to the underlying Bi 2 Te 3 substrate. Scanning parameters: 7=15 pA, V = 500 mV. 


To test our model, measurements have been performed on CuPc which, because of its double- 
occupied d ^2 orbital that lies well below the Fermi level,*2^^is expected to result in an even weaker 
molecule-substrate interaction with respect to CoPc. By looking at Fig. 4(a) it is evident that a 
well-ordered self-assembled structure is obtained also in this case (coverage 0.46molecules/nm^). 
As for CoPc, the creation of a molecular film is not associated with any significant charge transfer 
between molecules and substrate [see Fig. 4(d)] [note that, as in the case of CoPc (see above), also 
for CuPc a simple electronegativity picture supports our findings, being Cu electronegativity equal 
to 1.90]. However, a zoomed-in image demonstrates that, contrary to CoPc, CuPc self-assembles 
in a closed-packed structure with a square lattice [see Fig. 4b]. This is the typical lattice adopted by 
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Pc molecules deposited on weakly interaeting substrates, sinee it allows to maximize their mutual 
interaetion. Indeed, the nearest-neighbor distanee of 1.34 nm is essentially determined by the size 
of the moleeule. 

An analysis of the moleeular film allows to obtain the struetural model reported in Fig. 4(e). 
Sinee the symmetries of the moleeular film and the substrate are ineompatible, the moleeules 
adopt different adsorption eonfigurations with respeet to the underlying Bi 2 Te 3 surfaee, as also 
signaled by their different appearanee in Fig. 4(b). The long wavelength modulation visible in the 
image suggests an ineommensurability between the moleeular layer and the substrate, as already 
diseussed in Ref. |371 Unambiguous determination would require simultaneous atomie resolution 
of the underlying substrate whieh was impossible to aehieve beeause of ineompatible tunneling 
parameters. Overall, these observations are in agreement with our model and eonfirm the leading 
role played by the eentral 3d orbitals in balaneing the different interaetion taking plaee at the 
moleeule-TI interfaee. 

In summary, our findings show that appropriate ehemieal modifieations of metal-organie eom- 
pounds lead to a rieh variety of hybrid moleeule-TI interfaees. As a result these interfaees represent 
ideal heterostruetures for tailoring potential landseapes at TI surfaees at the atomie seale. Further¬ 
more, moleeules with built-in magnetie moments, sueh as the moleeules used in this study, may 
result in superstruetures that eonstitute well defined spin networks, potentially leading to deviee 
eoneepts with unique funetionalities. 

Methods Experiments have been performed in a eommereial STM operated at T = 4.8 K. The 
Bi 2 Te 3 single-erystal samples were synthesized by mixing stoiehiometrie amounts of bismuth and 
tellurium. The erystal strueture eonsists of alternating planes of Bi and Te up to the formation of 
a quintuple layer with the sequenee Te-Bi-Te-Bi-Te. Quintuple layers are weakly eoupled by van 
der Waals forees thus offering a natural eleaving plane. Bi 2 Te 3 single erystals have been eleaved in 
UHV at a base pressure of 3 ■ 10 mbar and immediately inserted into the STM. MnPe, CoPe and 
CuPe moleeules (Sigma-Aldrieh) were deposited direetly onto the eold Bi 2 Te 3 surfaee by using a 
home made Knudsen eell and annealed at room temperature. STM measurements were performed 
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using electrochemically etched tungsten tips. Topographic images were acquired in the constant- 
current mode. Spectroscopic data were obtained by lock-in technique (/ = 793 Hz, Vrms = 10 mV). 
Since the apparent molecular coverage was found to strongly depend on the particular bias voltage 
applied, an effect that is related to the spatial distribution of certain molecular orbitals, coverages 
are given in number of molecules per nm^. 

Associated Content 

Supporting information 

Description of the adsorption of TM-Pc on Bi 2 Te 3 which lead to a C4 to C2 symmetry reduction; 
evidence for weak adsorption energy from strong tip-molecule interaction; a coverage-dependent 
study of MnPc molecules; and the cluster formation at very dilute concentration regime for CoPc 
and CoPc. This material is available free of charge via the Internet at http://pubs.acs.org, 
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